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Single line-to-earth fault may become double line-to-earth faults. In this case, the procedure for deter-
mining the fault location takes a long time, as a team of experts conducts bypassing the entire network.
A method for fault location of double line-to-earth faults on different power lines of medium-voltage
distribution network is proposed in the article. The method is implemented by determining the impe-
dance of the line-to-earth fault circuit which is proportional to the distances to each of the places of
faults. The results of theoretical calculations coincide with results of simulation performed in MatLab
Simulink software environment.
 2016 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The most widespread faults in the distribution networks
6–35 kV are single line-to-earth faults (SLEF), which account for
approx. 60–80% of total number of faults [1].
Continuous operation of a network with isolated neutral under
SLEF condition may eventually cause occurrence of a line-to-earth
fault at another point of the network [2]. The second line-to-earth
fault usually occurs on the network segment where the insulation
is most degraded. Fault location (FL) in case of line-to-earth faults
is an extremely complicated task nowadays, and usually is
performed by operational mobile teams by tracing the route of a
power line (PL).
Fault location in case of double line-to-earth faults (DLEF) at the
same line is implemented by usage of impedance measuring
elements (IME) which measure the impedance of phase circuits.
The values of inductive reactance of these circuits are proportional
to the distances to the near and to the far places of faults [3,4].
The paper [5] present the methods of SLEF location in networks
with compensated neutral by making artificial low-resistance fault
at line termination. In Russia most networks have isolated neutral,
so this paper is relevant for medium-voltage distribution networks.
In case of DLEF occurring on different lines, localization of faults
basing on the values of the inductive reactance of phase circuits
becomes impossible. Therefore, it is desirable to configure aconnection scheme for IME in such a way that the impedances of
the fault circuits are proportional to the distances to the places
of faults. For the configured connection scheme of IME, it is neces-
sary to calculate the parameters of the fault condition in order to
determine the dependencies on the distances to the places of
faults.2. Description of the method
Calculations of fault condition parameters in the event of a dou-
ble line-to-earth fault on different outgoing power lines were per-
formed under the following assumptions:
1) load connected to the PL has high impedance, therefore, its
effect on the fault current is excluded;
2) impedance values of the positive sequence and negative
sequence of the supply system and of the power line are
assumed as being equal to each other (Z1 = Z2);
3) capacitive impedance of the PL is neglected;
4) transition impedances at the points of line-to-earth faults
are assumed to be zero;
5) power lines contain no branches;
6) 10 kV distribution network has one power source.
Calculation of current and voltage values in case of DLEF is per-
formed using the diagrams shown in Figs. 1 and 2, which present
the single-line diagram of the network (Fig. 1) and its simplified
three-phase equivalent circuit under fault condition (Fig. 2), where
TA
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Fig. 1. Diagram of 10 kV network in case of a double line-to-earth fault.
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alent impedances of the system; TV means measuring voltage
transformer; TA1-TA6 mean measuring current transformers of
outgoing lines; Z01w1, Z02w1, Z00w1 mean impedances of positive
sequence, negative sequence, and zero sequence to the place of
fault on the first outgoing line; Z01w2, Z02w2, Z00w2 mean impedances
of positive sequence, negative sequence, and zero sequence to the
place of fault on the second outgoing line; Zw1, Zw2 mean impe-
dances of the respective phases of outgoing lines; Zl means impe-
dance of the load connected to PL; Rp1, Rp2 mean transition
resistances at the places of faults; Rg means earth resistance;
IME1, IME2 mean impedance measuring elements on the outgoing
lines.
The individual sequences of the equivalent circuit shown in
[6,7].
General formula for calculating double line-to-earth fault
current is:Fig. 2. Equivalent circuit of the network in case of a double line-to-earth fauIdef ¼ 3 Eph1  Eph26Z1s þ Z0w1  ðL1k þ L2kÞ  ðnþ 2Þ þ 3Rp1 þ 3Rp2 þ 3Rg ¼ 3I0
ð1Þ
where n ¼ Z0w1=Z1w1 means the ratio of specific impedances of zero
sequence and positive sequence of the PL.
Voltages of the faulty phases at the places of IME installation (at
the substation busbars) are determined by the following
expressions
Uph1 ¼ Idef  13 Z0w1 þ
2
3
Z1w1 þ Rp1 þ Rg
 
ð2Þ
Uph2 ¼ Idef  13 Z0w2 þ
2
3
Z1w2 þ Rp2
 
ð3Þ
In order to determine the distances to places of faults, IME must
be configured for sensing the line-to-earth voltage and zero
sequence current [8–13]. In this case the calculated impedance
Zph at IME will be proportional to the distances to fault locations:
Zph1¼Uph13I0 ¼
3I0  13Z0w1þ23Z1w1þRp1þRg
 
3I0
¼1
3
Z0w1þ23Z1w1þRp1þRg
ð4Þ
Zph2 ¼
Uph2
3I0
¼ 3I0 
1
3 Z0w2 þ 23 Z1w2 þ Rp2
 
3I0
¼ 1
3
Z0w2 þ
2
3
Z1w2 þ Rp2
ð5Þlt, phase A fault at the distance L1r and phase B fault at the distance L2r.
Table 1
Values of currents (IA, IB, IC) and voltages (UA, UB, UC) during normal load operating mode and during fault condition of the network.
Load mode SLEF ph. A on W1 DLEF ph. A on W1 and ph. B on
W2
Ampl. Angle Ampl. Angle Ampl. Angle
Ia1 2,15 42 4,4 24 627,4 4
Ib1 2,10 164 2,10 106 1,9 174
Ic1 2,10 76 2,10 14 2,1 66
Ia2 2,10 44 2,10 134 1,9 63
Ib2 2,14 162 2,20 107 626,4 176
Ic2 2,10 76 2,10 14 2,1 76
Ua1 5,8 0 0,06 0 6,7 0
Ub1 5,7 120 10 120 3,7 133
Uc1 5,7 120 10 60 6,8 98
Table 2
Inductive resistance of the measuring circuits during normal load mode and during
fault condition of the network.
Inductive resistance loops at load, SLEF, DLEF mode, X
Load SLEF DLEF
Xab1 1900 607 5.4
Xbc1 1900 1900 1900
Xca1 1900 4.2 10
Xab2 1900 1900 5.4
Xbc2 1900 1900 15.3
Xca2 1900 1900 1900
Xa1 1900 0.9 1.8
Xb1 1900 1600 0.23
Xc1 1900 1200 14.4
Xa2 1900 19.2 13
Xb2 1900 850 2.2
Xc2 1900 4700 14.6
Table 3
Impedances of the measuring circuits in case of double line-to-earth fault.
R X |Z| u (X, R)
Za1 def 10,6 0,77 10,63 4
Zb1 def 3,7 4,6 5,9 231
Zc1 def 2,2 10,7 10,92 102
Za2 def 10,6 0,77 10,63 184
Zb2 def 3,7 4,6 5,9 51
Zc2 def 2,2 10,7 10,92 282
* This resistance depends from electricity network mode and can have a negative
values.
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connected to line-to-earth voltage Uph and zero sequence current
3I0 of the faulty lines also depends on the resistances of the fault
circuit, which effect is eliminated by separation of the inductive
component Xph1(2) of the impedance using the following
expression:
Xph1ð2Þ ¼
ImðUph1ð2ÞÞ  Reð3I01ð2ÞÞ  Imð3I01ð2ÞÞ  ReðUph1ð2ÞÞ
j3I01ð2Þj2
ð6Þ
where Re(Uph1(2)), Im(Uph1(2)), Re(I01(2)), Im(I01(2)) mean the real and
imaginary components of line-to-earth voltage and zero sequence
current of the faulty phases, |3I01(2)|.
Calculation of the distances L1r and L2r to earth fault locations is
performed taking into consideration the obtained values of induc-
tive reactance Xph1(2) of the faulty phases:
L1k ¼ 3Xph1=ðX0w1 þ 2X1w1Þ ð7Þ
L2k ¼ 3Xph2=ðX0w2 þ 2X1w2Þ ð8Þ
where X0w1(2), X1w1(2) mean specific inductive reactance of positive
sequence and zero sequence of the faulty power lines.
Validation of the proposed method for determining the dis-
tances to the fault locations was performed using MatLab Simulink
software package according to the scheme shown in Fig. 1.
Parameters of the scheme are as follows: the system S has the ratio
X/R = 0.6/0.1, length of W1 line is 7 km, W2 – 12 km; specific resis-
tance and specific inductive reactance of positive sequence and
zero sequence of the line: X1w0 = 0.37X/km, X0w0 = 1.57X/km,
R1w0 = 0.57X/km, R0w0 = 0.72X/km, the effect of ‘‘earth” is intro-
duced by the resistance Rg = 10X, the transition impedances at
the places of faults are assumed to be 0X. The earth fault occurs
on phase A of line W1 at the distance of 1 km at the point of time
t1 = 0,1 s, and the earth fault occurs on phase B of line W2 at the
distance of 6 km at the point of time t2 = 0,3 s. The model keeps
the values of phase currents on the supply feeder input and on
the outgoing lines, line-to-earth voltages and line-to-line voltages
on the busbars of the switchgear.
Analysis of the obtained waveforms (Table 1) shows that during
single line-to-earth fault condition (phase A of lineW1) the voltage
amplitude of the faulty phase decreases to 0,06 kV, while the volt-
age of healthy phases reaches the value of 10 kV, what is
ﬃﬃﬃ
3
p
times
higher than the rated line-to-earth voltage. The phase currents in
this mode are not changed due to small values of earth fault cur-
rents. The conclusions related to the changes of currents and volt-
ages confirm the universality of the network model, and do not
contradict the theoretical foundations of the physical processes
occurring during single line-to-earth fault.
During subsequent line-to-earth fault on phase B of line W2,
increase of the currents of faulty phases A and B of the outgoinglines up to 627 A is observed, the voltages of the faulty phases
reach the values 6,7 kV and 3,7 kV, what is confirmed by the calcu-
lations using the formulas (2)–(4).
Let us analyze the line-to-earth and line-to-line impedances of
the fault circuits determined using classical methods used in Fast-
View 4.2 software package [14]. The changes of the line-to-earth
Inductive Resistance Xa1, Xa2, Xb1, Xb2, Xc1, Xc2 and line-
to-line Inductive Resistance Xab1, Xab2, Xbc1, Xbc2, Xca1, Xca2
of the circuits in case of single line-to-earth fault and in case of
double line-to-earth fault are given in Table 2*
Occurrence of SLEF did not cause the change of impedance of
those line-to-line circuits that are not associated with the faulty
phase. Therefore, the analysis of line-to-line circuits of outgoing
lines makes possible to determine not only the faulty phase, but
also the faulty line. In the presented case, only the impedances of
the circuits Zab1 and Zca1 were changed, while the impedances of
other analyzed line-to-line circuits remained unchanged. These
specific changes indicate the fault on phase A of line W1.
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circuits. The greatest change is observed for the circuits of the
faulty phase A on both lines due to deep voltage drop of the faulty
phase (down to 0,06 kV). However, the impedance of the faulty cir-
cuit is not proportional to the distance to the places of faults, what
does not allow to determine the location of the earth fault.
In case of earth fault at another point in the network (phase B,
line W2), the impedances of line-to-line circuits that are not con-
nected with the faulty phases remain unchanged. In the case under
consideration, these are the circuits Zbc1 and Zca2. This fact can
serve as a criterion for identifying the faulty phases of the faulty
lines in case of double line-to-earth fault.
The results of the measurements of inductive reactance of IME
connected to line-to-earth voltage and zero sequence current of
faulty lines as defined by formula (6) are given in Table 3.
Thus, the values of inductive reactance of faulty circuits of
phases A and B are: Xph1 = 0,77X and Xph2 = 4,6X. Determining
the distances to the places of faults using formulas (7) and (8) gives
us the ground to assert validity of the theoretical calculations:
L1r = 0,77/0,77 = 1 km,
L2r = 4,6/0,77 = 6 km.
The obtained results of the calculation show that the inductive
reactance values of the circuits of faulty phases measured by IME
under DLEF condition are proportional to the distances to each of
the places of faults.3. Conclusions
1. Occurrence of SLEF is accompanied by change in impedances of
line-to-earth and line-to-line circuits on all connections, the
analysis of which allows to identify the faulty line and the faulty
phase [15].
2. The proposed method makes possible to determine with high
accuracy the distance to locations of DLEF on different power
lines by means of installation of IME connected to line-to-
earth voltage and zero sequence current of the faulty lines.
3. The main cause of low accuracy of fault localization in case of
DLEF is the effect of load impedance of the power lines. A
promising solution to eliminate this phenomenon is taking into
consideration the currents on the side of consumer substations
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